A series of epoxy systems with tunable rigid-flexibility were prepared by the curing reaction of bisphenol F diglycidyl (DGEBF), a single-ended amine with alkyl chains (n-butyl, octyl, dodecyl), 4,4 0 -diaminodiphenylmethane (DDM) and 4,4 0 -diaminodicyclohexylmethane (H-DDM). By means of adjusting the composition of the curing agent (the molar ratio between H-DDM and DDM), nano-and submicronsized phase separations were observed by atomic force microscopy (AFM). And diffraction peaks were not observed in the wide angle X-ray scattering (WAXS) characterization which revealed that there was no crystallization in the modified epoxy resin. Besides, the result of nanoIR characterization proved that the aggregation of aliphatic chains led to the microphase separation structure, which can remarkably improve the mechanical properties of epoxy resins. The effects of side chains on the mechanical and thermal properties of epoxy networks were investigated. Especially, the E C8 -5 0 (the molar ratio between H-DDM and DDM was 45/55, the mass ratio of the n-octyl amine to DGEBF was 5 : 100) sample exhibited splendid mechanical properties with an attractive tensile strength of 88.4 MPa, an elongation at break of 6.6% and a tensile modulus of 3.5 GPa.
Introduction
Epoxy resins are used extensively as coatings, adhesives, and structural composite materials due to their excellent engineering properties.
1 However, the inherently highly cross-linked molecular structures also give shortcomings, such as poor resistance to fracture and low fracture toughness.
2 Consequently, an enormous amount of research effort goes into toughening epoxy polymers. Traditional toughening methods include the incorporation of so materials such as rubber particles, 3, 4 core/shell particles, 5, 6 block copolymers (BCPs), [7] [8] [9] et al. However, so segments can signicantly improve toughness with a sharp reduction of strength, modulus and glass transition temperature (T g ). It has also been demonstrated that toughness can be greatly improved by using rigid nanoparticles such as carbon nanotubes, 10-12 silica, [13] [14] [15] and POSS. 20 Meanwhile, the presence of such llers can increase modulus without sacricing T g . However, it leads to agglomeration and reduces the processability of a material. Recently, studies have focused on novel approaches to toughen epoxy thermosets. For instance, interpenetrating networks 21, 22 and hyperbranched polymer 23, 24 can not only toughen epoxy resin but also improve modulus without sacricing T g which has attracted the attention of researchers. However, prohibitive costs and complicated preparation limit the applications of these strategies. Tao Yang et al. 25 discovered that the side aliphatic chains would facilitate the self-assemble into bump structures, which were proved to toughen the epoxy resins. Longhan Ba et al. 26 had discussed the mechanical properties and toughening mechanisms of the diglycidyl ether of bisphenol F (DGEBF) modied by partly reacting with monofunctional epoxy. Effect of different length and content of side chains on mechanical properties has been discussed. 26 The major corresponding toughening mechanism of bump structure in the modied epoxies was attributed to the combination of shear yielding and bridging constraint effect. 25, 26 It was speculated that the appearance of microphase separation was the result of the incompatibility between the exible side chains and rigid backbone of benzene ring. However, there are few studies on the effect of curing agent structure on the microphase separation behaviors.
Comprehensive understanding of the formation process of microphase separation structure is required by efficient design of ameliorated materials. Only in this way, their structures can be optimized and the inherent defects can either be eliminated or reduced. In this work, the inuence of curing agent structure, the length and content of exible side chain on morphology and mechanical properties were systematically studied. The appearance of microphase separation was achieved by adjusting the compatibility of the main chains and the side chains and the rigidity of crosslinking networks which was accomplished by tuning the molar ratio of 4,4 0 -diaminodiphenylmethane (DDM) and 4,4 0 -diaminodicyclohexylmethane (H-DDM) in the curing agent. Meanwhile, three kinds of the single-ended amine with alkyl chains (n-butyl, octyl, dodecyl) were introduced in the cured epoxy networks and the effect of the length and content of the alkyl chains on the morphology was investigated. The variation tendency of microphase separation was examined by atomic force microscopy (AFM). The internal components of bump structures were studied by nanoIR, which allows nanoscale measurements of infrared absorption as a function of the wavenumber to characterize specimens at spatial resolutions not achievable previously. 27, 28 The formation mechanism of the microphase separation was expatiated. Moreover, tensile tests, impact tests and dynamic mechanical analysis (DMA) results were carried out for the investigation of the mechanical and thermal mechanical properties. Group Baling Petrochemical Co., Ltd. Single-ended aliphatic amine (n-butylamine, n-octylamine, n-dodecylamine), DDM (98%+) and H-DDM (98%+) were purchased from Aladdin Industrial Corporation. The molecular structures of these materials are shown in Fig. 1 .
2.2.
Preparation of modied epoxy resin networks with side aliphatic chains induced by single-ended aliphatic amine DGEBF were mixed with DDM according to the stoichiometric ratio, and then single-ended aliphatic amine was loaded (mass ratio of the aliphatic amine between epoxy group of DGEBF was 2.5 : 100 and 5 : 100). Subsequently, the blends were stirred homogeneously for 10 min. Aer the pre-cured process under 60 C for 2 h, the reaction mixture was cured under 100 C for another 2 h, 130 C for 2 h and 150 C for 4 h. The cured samples were named as E C4 , E C8 and E C12 according to the carbon number in the alkyl chains of the amine, and the pure E 0 system (mass ratio of amine and DGEBF is 0/100) was called the blank sample. Then, DGEBF were well mixed with DDM and H-DDM according to the stoichiometric ratio and the n-octylamine was loaded (mass ratio of the n-octylamine between DGEBF was 5 : 100). For example, the E C8 -5 cured by DDM and H-DDM (the molar ratio between H-DDM and DDM was 20/80) instead of pure DDM was named as E H -20.
Last, DGEBF were mixed with DDM and H-DDM according to the stoichiometric ratio (the molar ratio between H-DDM and DDM was 45/55) and then single-ended aliphatic amine was added (mass ratio of the aliphatic amine between epoxy group of DGEBF was 2.5 : 100 and 5 : 100). For example, E C4 -5 cured by H-DDM/DDM instead of DDM was named as E C4 -5 0 . The detailed formulations of all the samples were listed in Tables 1,  2 2.3.3 NanoIR. A nanoIR2-FS (Anasys Instruments, USA) was used to characterize the sample of E C8 -5 0 in contact mode. The spectra were collected with a sampling of 1 cm À1 and 128 coaverages, within the standard wave number range of 900-1980 cm À1 and 2520-3600 cm À1 .
Dynamic mechanical analysis (DMA).
A DMA Q-800 (TA Instruments, USA) was used to study the dynamic mechanical properties of the cured epoxy resin. Analysis was performed using a lm tension, at a dynamic frequency of 1 Hz, in the temperature range C with a ramp of 3 K min À1 .
The dynamic storage modulus (E 0 ) and tan d curves were plotted as a function of temperature. Specimen dimensions were 20 mm Â 6 mm Â 0.6 mm.
Differential scanning calorimetry (DSC). The glass transition temperatures (T gDSC ) of the E 0
0 , E C4 -5 0 , E C8 -5 0 and E C12 -5 0 were tested using a TA Instruments Q20 DSC equipped with an RCS 90 cooling system. The 5-10 mg samples were sealed in aluminum crucibles with the following thermal program (dry nitrogen was used as the protective atmosphere, 50 mL min À1 ): heating from 20 C to 190 C at 20 C min À1 , cooling to 20 C at the maximum cooling rate, and then reheating to 190 C at 10 C min À1 . The values of T gDSC were measured from the second heating trace.
Mechanical tests.
Tensile experiments were carried out by a testing machine (SANS UTM5205XHD, China) at room temperature according to Chinese National Standard GB/T 1040.2-2006. Young's modulus, tensile strength, and elongation at break were obtained on the basis of at least six specimens per sample. And the average was reported as the nal value. And charpy impact test was measured by a XJJD impact tester (MTS systems Co., Ltd, China) according to Chinese National Standard GB/T 1843-2008, respectively. Fig. 2 shows the phase images of E C4 , E C8 and E C12 . This results suggested that microphase separation was absent in DGEBF/ DDM/single-ended aliphatic amine system. This phenomenon was different from the reports in the literature. 25, 26 Previous studies showed that bringing aliphatic pendant chains into epoxy matrix which was DGEBF cured by hexahydrophthalic anhydride (HHPA) would lead to microphase separation. Due to the structural and compatibility differences between aliphatic chain and backbone of epoxy resin which contains benzene ring, the exible side chain self-assembly formed microphase separation in cured epoxy resin. 25 However, there was no microphase separation observed by AFM when DDM instead of HHPA as the curing agent. It was speculated that the absence of microphase separation was due to the excess of regular benzene ring structures, which made the main chain particularly rigid. Furthermore, rigid main chain structure limited the movement of side chain prevented the selfassemble. It was speculated that the presence of microphase separation was not only related to the compatibility between the side chain and the main chain, but also limited by the rigidity of the backbone.
Results and discussion

Morphological behavior
The composition of the curing agent was changed by tuning the molar ratio of H-DDM/DDM to adjust the rigid of the backbone (Table 2 ). Fig. 3 shows the phase images of DGEBF/ DDM/H-DDM/n-octylamine systems. For the E H -20 system, uniformly distributed tiny phases were observed. For the E H -25 system, similar and more pronounced phases were presented. When the ratio was 30/70, clearly dispersed phases were observed, and more regular microphases appeared with the increasing of H-DDM content. When ratio exceeded 55/45, there was little phase separation. With the continuous reduction of the benzene ring, the compatibility between exible side chain and backbone was getting better and better. However, good compatibility can't form phase separation. The results of phase images in Fig. 3 indicated that the rigidity of backbone played an important role in the formation of microphase separation. On the one hand, the rigidity of the main chain was deemed to the major factor affecting microphase separation when the content of H-DDM was relatively low. High rigidity of the main chain limited the chemical rotation of bonds making the side Table 3 Formulations of DGEBF/DDM/H-DDM/single-ended aliphatic amine systems (mass ratio of epoxy group) chains difficult to self-assemble. On the other hand, when the H-DDM content was relatively high, the rigidity of the backbone limited the aggregation of side chains. At this moment, the compatibility between exible side chain and backbone became the principal factor. The uniformly distributed spherical bump structures were observed in (Fig. 3d-f ) E H -35, E H -40 and E H -45 system, and the better distribution of submicro-and nano-structures were observed in the E H -45 system. It was noted that the co-existence of submicro-and nano-sized bump structures had signicant effect on the toughness of epoxy resins and improved the mechanical properties dramatically. 25 Therefore, the following studies are carried out under this proportion (molar ratio of H-DDM and DDM was 45/55) of the curing agent.
The DGEBF/DDM/H-DDM/single-ended aliphatic amine systems (Table 3) showed completely different morphologies from DGEBF/DDM/single-ended aliphatic amine systems (Table 1) in Fig. 4 . Aer adjusting the composition of curing agent, all modied samples clearly showed different shapes and sizes of dispersed phases. When epoxy contained 2.5 phr of side chains, sparse phase separation structures are shown in E C4 -2.5, E C8 -2.5, E C12 -2.5 ( Fig. 4a-c) . When epoxy contained 5 phr of side chains, the intensity of the dispersed bump structure increased (Fig. 4d-f) . Moreover, regular spherical structures were observed in E C8 -5, E C12 -5 ( Fig. 4e and f) . It was postulated that the difference in length of side aliphatic chains led to the size variation of the bump structure as well. For the E C8 system, massive nano-sized (30-50 nm) and submicron-sized (135-270 nm) found in E C8 -5 (Fig. 4e) . Besides, nano-sized (70-88 nm) and submicron-sized (360-420 nm) dispersed phases coexisted in E C12 -5 (Fig. 4f) . The phenomenon suggested that the longer length of side chains, the larger scale phase separations.
It was noteworthy that uniformly distributed spherical submicro-and nano-structures were observed in E C8 -5
0 and E C12 -5 0 systems. According to previous studies, 25 similarly bump structure formed by self-assembly of side chains can dramatically improve mechanical properties. Consequently, the research emphases were put on the 5 phr of side chain systems which were expected to have splendid mechanical properties.
WAXS characterization
WAXS curves of E 0 , E C4 -5
0 , E C8 -5 0 and E C12 -5 0 were showed in Besides, diffraction peaks were not found in E C4 -5 0 , E C8 -5 0 and E C12 -5 0 , which showed relatively more microphase separation.
This results suggested that these bump structures were not composed of crystalline structures which was similar to that of polyethylene. 
NanoIR characterization
The characterization technique, nanoIR, was carried out in order to investigate the real structure of microphase separation. The nanoIR is a probe-based measurement tool that reveals the chemical composition of samples at the nanoscale. for the methylene C-H. It was observed that the intensity of the benzene ring stretch peak remains constant for two positions. It could be seen that the intensities at A were higher than B. It demonstrated that the methylene content of bump structure was higher than homogeneous structure. It indicated that the aggregation of aliphatic chain led to the microphase separation structure in this system.
Mechanical properties
Tensile tests and impact tests of E H and E 0 systems were performed in order to verify the effect of the microphase separation on mechanical properties. The results were given in Tables 4  and 5 . For the E H system, the strength and modulus increased with the raise of the content of H-DDM in a certain range (molar ratio of H-DDM/DDM from 20/80 to 45-55). When the ratio got to 45/55, the tensile strength and tensile modulus got to the maximum values (88.4 MPa and 3.5 GPa), which were consistent with our previous expectation that submicro-and nanostructures would improve mechanical properties dramatically. When the molar ratio of H-DDM exceeded 45/55, strength and modulus decreased. On the one hand, the increase of H-DDM content resulted in the decrease of rigidity of the whole network, which weakened the strength. On the other hand, adjusting the content of H-DDM affected the formation of microphase separation structure (Fig. 3) . Therefore, little change in strength was owing to the interaction of these two results. However, tensile modulus varied apparently with the adjusting curing agent. As shown in AFM phase images (Fig. 3) , the variation trend of the modulus coincided with the variation trend of morphologies. It was demonstrated that uniformly distributed spherical microphase separation had a profound effect on the improvement of tensile modulus. Based on the morphology characterizations by AFM, the verication of microphase separation structure by nanoIR and mechanical properties, it was tentatively interpreted the increasing of modulus to the decrease of free volume. Under the inuence of aggregations of aliphatic chains, the main chains got closer. Namely, the crosslinking networks piled up more tightly, which decreased the free volume. According to the reports in the literature, the decrease of free volume led to the increasing of modulus. 
The results of tensile test and impact test of cured E C4
0 , E C8 0 , E C12 0 were listed in Table 5 . A signicant increase of mechanical properties was observed aer introducing the microphase separation structure. It was proved that all the nano-, submicro-sized bump structures had a signicant effect on the toughness of epoxy resins and enhanced the modulus dramatically. Adjusting the content and length of the aliphatic side chains was able to maximize the tensile strength, the tensile elongation at break and the tensile modulus (88.4 MPa, 6.6% and 3.5 GPa for the E C8 -5 0 sample).
For the different length of side chain, strength did not change signicantly. For E C8 0 and E C12 0 system, strength and elongation at break increased with the raising of the content of side chain.
DMA and DSC
The thermal mechanical properties of the epoxy resins were investigated by DMA and the results were shown in Fig. 7-9 . Little differences of the storage modulus were observed between these E H systems in glassy region or rubbery region because of the similar main structures in the crosslinking networks. The cross-linking density (n e ) can be able to be calculated from storage modulus in rubbery region according to the kinetic theory of rubber elasticity using the following equation
where T g is the glass transition temperature, E 0 is the storage modulus at T g + 30 C, R is the gas constant, and T is the densities of E H systems and E 0 systems were listed in Table 6 .
The glass transition temperature (T g ) was dened as the peak temperature of a damping (tan d) curve and the values were listed in Table 6 . The T g of cured E H system decreased slightly with the increase of content of H-DDM. Besides, all of the cured epoxy systems had similar sharp single tan d peaks. It may signify that these systems were pure and homogeneous ( Fig. 7b  and 9 ).
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The DMA results of E 0 systems were showed in Fig. 8, 9 and Table 6 . It was noted that the storage modulus of these systems in glassy region show little difference while the storage modulus in rubbery region decline slightly with increasing of content of single-ended amine. The T g of cured E 0 system decreased sharply with the increasing of content of side chains. The loading of single-ended aliphatic amine reduced the dosage of curing agent so that the rigidity of the whole crosslinking networks was reduced, which led to the decrease of T g .
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Furthermore, with the increasing of the length of the side chain, the effect of T g was lower.
The thermal properties of E 0 0 , E C4 -5 0 , E C8 -5 0 and E C12 -5 0 were further investigated by the DSC. The variation tendency of T gDSC was similar with T gDMA . Longer length of the side chain, less effect of T g . This was due to the increasing molecular weight of single-ended aliphatic amine. The molar value of the same mass decreased with increasing of the chain length. Besides, no exothermic peaks were found in the process of elimination of heat history. It was demonstrated that the curing reaction was completed (Fig. 10 ).
Conclusion
A series of epoxy systems with tunable rigid-exibility containing side aliphatic dangling chains (DGEBF/DDM/H-DDM/ n-octylamine system) and a series of epoxy systems with different length of side chains (DGEBF/DDM/H-DDM/singleended aliphatic amine system) were designed and prepared. The nano-and submicron-sized phase separations were observed by AFM. It was speculated that the participation of side chains into the epoxy network, the compatibility between the side chain and the main chain and the rigidity of the backbone both inuenced the microphase separation. Diffraction peaks were not observed in the wide angle X-ray scattering (WAXS) characterization which revealed that there was no crystallization in the modied epoxy resin. Besides, nanoIR characterization proved that the aggregation of aliphatic chains led to the microphase separation structure, which could remarkably improve the mechanical properties of cured epoxy resins. Especially, the E C8 -5 0 sample exhibited splendid mechanical properties with an attractive tensile strength of 88.4 MPa, an elongation at break of 6.6% and a tensile modulus of 3.5 GPa. 
